Quitting smoking is the single best change in behavior that smokers can make to improve their health and extend their lives. Although most smokers express a strong desire to stop using cigarettes, the vast majority of quit attempts end in relapse. Relapse is particularly likely when smokers encounter cigarette cues. A striking number of relapses occur very quickly, with many occurring within as little as 24 h. Characterizing what distinguishes successful quit attempts from unsuccessful ones, particularly just after cessation is initiated, is a research priority. We addressed this significant issue by examining the association between functional connectivity during cigarette cue exposure and smoking behavior during the first 24 h of a quit attempt. Functional MRI was used to measure brain activity during cue exposure in nicotine-deprived daily smokers during the first day of a quit attempt. Participants were then given the opportunity to smoke. Using data collected in two parent studies, we identified a subset of participants who chose to smoke and a matched subset who declined (n = 38). Smokers who were able to resist smoking displayed significant functional connectivity between the left anterior insula and the dorsolateral prefrontal cortex, whereas there was no such connectivity for those who chose to smoke. Notably, there were no differences in mean levels of activation in brain regions of interest, underscoring the importance of assessing interregional connectivity when investigating the links between cue-related neural responses and overt behavior. To our knowledge, this is the first study to link patterns of functional connectivity and actual cigarette use during the pivotal first hours of attempt to change smoking behavior.
Introduction
Recent estimates indicate that nearly one billion men and women in the world smoke cigarettes on a daily basis (Ng et al., 2014) . With respect to health-related behavior change, quitting smoking is the single best step that these individuals can take to reduce their risk for a host of negative outcomes, including premature death (USDHHS, 2014) . Fortunately, most smokers express a strong desire to quit using cigarettes (CDC, 2011 ). Yet for many, translating the motivation to stop using cigarettes into sustained behavior change is a major barrier to smoking cessation. As many as 95-97% of untreated smokers relapse (return to regular smoking) within 6-12 months of initiating a quit attempt (Hughes et al., 2004) . Even when receiving the best treatments currently available, roughly 70% of smokers relapse within 1 year (Piasecki, 2006) . One of the most significant challenges currently facing tobacco researchers is fully characterizing what distinguishes successful quit attempts from unsuccessful ones, information that is crucial for devising ways to increase the likelihood of success for the large proportion of smokers who want to stop using cigarettes.
Relapse is particularly likely when smokers encounter cigaretterelated stimuli (Ferguson and Shiffman, 2009 ). The use of functional brain imaging methods has become a particularly common approach to studying cigarette cue reactivity (Engelmann et al., 2012) . This work has demonstrated that cigarette cue exposure is associated with widely distributed increases in brain activation, with the precise pattern varying as a function of several variables (Jasinska et al., 2014;  http://dx.doi.org/10.1016/j.neuroimage.2016.03.015 Accepted 4 March 2016 Wilson and Sayette, 2015; Yalachkov et al., 2012) .
Dual-systems models of brain functioning provide a useful framework for conceptualizing how such activation patterns may relate to smoking behavior. Broadly, dual-systems models posit that decision making is influenced by two distinct but interacting neural systems: an "automatic" system comprised of areas such as the ventral striatum that is driven by affective, reward-related, and visceral influences, and a "deliberative" system comprised of areas such as the dorsolateral prefrontal cortex (DLPFC) that supports working memory and other "cold" cognitive functions required for planning and inhibitory control (Bechara, 2005; Bickel et al., 2007; McClure and Bickel, 2014; Metcalfe and Mischel, 1999) . From a dual-systems perspective, smoking cues may contribute to relapse because they evoke an imbalance between these brain systems, such that the automatic system exerts greater influence over behavior than the deliberative system (Heatherton and Wagner, 2011) .
Emerging research indicates that the insula may play a particularly important role in altering the balance between the automatic and deliberative systems in a way that increases the likelihood of relapse (Addicott et al., 2015; Janes et al., 2010; Naqvi and Bechara, 2015; Naqvi et al., 2014; Noel et al., 2013a) . Several lesion studies (Naqvi et al., 2007; Contreras, Ceric, & Torrealba, 2007; Gaznick et al., 2014; Suner-Soler et al., 2012) suggest that cigarette craving depends (at least partially) on the functional integrity of the insula. These studies are complemented by functional brain imaging research demonstrating that cigarette cues elicit increases in insular activation in smokers (Engelmann et al., 2012) , which positively correlate with self-reported cigarette craving (Kuhn and Gallinat, 2011) , and that greater functional connectivity between the insula and regions linked to executive (Janes et al., 2010) and motor (Addicott et al., 2015) control predicts improved smoking cessation outcomes.
Despite convincing evidence that the insula plays an important role in cue-elicited craving and relapse, there are important questions about the nature of the interactions between the insula and other areas in the context of smoking behavior. Whereas prior research provides some support for the idea that poorer smoking cessation outcomes are associated with weaker cognitive control over insular functions (Janes et al., 2010) , it has also been proposed that the insula may drive drug use by simultaneously increasing craving and redirecting attention towards the goal of drug taking (i.e., "hijacking" deliberative functioning) (e.g., Naqvi and Bechara, 2009; Noel et al., 2013b) . Currently, it remains unclear whether the link between insula connectivity and smoking relapse reflects a weakening or redirection of processes that inhibit drug use, a strengthening of processes that promote drug use, or some alternative to these possibilities (e.g., lack of information flow or network coordination; Bressler and Tognoli, 2006) .
A second critical gap in the literature concerns the time frame over which connectivity between the insula and other brain regions predicts clinically meaningful behavior in quitting smokers. Although two recent studies have demonstrated smoking cessation outcomes are predicted by insula connectivity over a period of weeks (Addicott et al., 2015; Janes et al., 2010) , it is not known whether insula connectivity also predicts more immediate relapse outcomes. This is an important question, as research has repeatedly shown that relapse rates are highest during the earliest phases of a quit attempt. Data indicate that 50-75% of untreated smokers relapse within one week (Hughes et al., 2004) . A sizeable proportion are unable to maintain a quit attempt for as little as 24 h (Allen et al., 2008; Carpenter and Hughes, 2005) , a time during which abstinence has been found to improve the likelihood of later success (Westman et al., 1997) . It is crucial, conceptually and clinically, to distinguish processes involved in cigarette abstinence or relapse to smoking during the critical early moments of a quit attempt when behavior change often falls apart.
The goal of the current study was to address these issues by examining the association between functional connectivity during cigarette cue exposure and smoking behavior during the first 24 h of a quit attempt. Using dual systems theory as a guiding framework, we focused on connectivity among areas of the brain thought to be key constituents of the systems supporting automatic and deliberative processing. Importantly, our prior work has highlighted activation in and connectivity among these regions as significant in relation to cue reactivity and craving (Wilson et al., 2004 (Wilson et al., , 2012 (Wilson et al., , 2013a (Wilson et al., , 2013b . We were particularly interested in functional connectivity of the insula. Based on prior research (Addicott et al., 2015) , we hypothesized that smokers who declined an opportunity to smoke immediately following cigarette cue exposure would exhibit stronger connectivity between the insula and other brain regions (particularly areas implicated in deliberative processing, such as the DLPFC) compared to those who chose to smoke.
Methods

Participants
Participants were drawn from two previous studies. Study 1 investigated the impact of quitting motivation and smoking opportunity on activation during smoking cue presentation (Wilson et al., 2012) . Study 2 examined neural correlates of self-versus otheroriented strategies to cope with cue-elicited craving (Wilson et al., 2013b) . For each, participants were required to be right-handed native English speakers between ages 18-45, report smoking 15-40 cigarettes/day for the past year, and pass an MRI safety screening. Study 1 was composed of males and females, some of whom were motivated to quit smoking and some of whom were not; Study 2 included only males who were motivated to quit smoking. Participants from both studies who reported that they were motivated to quit smoking, who initiated a quit attempt 12-h before participating in an fMRI-based cigarette cue exposure protocol (described below), and who were given the opportunity to smoke immediately following cue exposure were considered for inclusion in the current study. We selected two subgroups from the pool of participants meeting these criteria: (1) those who declined the opportunity to smoke (Chose-No; n = 19) and (2) a matched subset who chose to smoke when given the opportunity (Chose-Yes; n = 19).
1
Cue exposure task
Participants completed a cue exposure procedure adapted from prior research (Wilson et al., 2005) . Each run began with a 48-s period during which participants were instructed to remain still and relaxed. Participants then had an object placed in their left hand. The object was identified via intercom and instructions were given to hold and view the object (a live video feed projected on a screen allowed participants to view the object in real-time). Participants held the object for a period of 74 s. Three runs of the task were completed, in which the objects were a notepad (control), a roll of electrical tape (neutral), and a cigarette of the participant's brand of choice (smoking cue). Upon presentation of the cigarette, a prerecorded message was delivered informing participants that they would be removed from the scanner in 40 s and would be able to smoke immediately if they chose to do so. Participants verbally rated their smoking urge on a 0-100 scale prior to placement in the scanner (urge-baseline), after the conclusion of the neutral cue run (urge-neutral cue), and after the conclusion of the smoking cue run (urge-smoking cue). The first run served as a practice run and was 1 Subgroups were matched according to age, ethnicity, smoking rate, years smoking, sex, coping strategy (for Study 2 -i.e. self vs. other strategy), and quitting motivation (motivated to quit vs. unmotivated to quit). Each subgroup included 17 males and 2 females. Twelve participants (6 Abstainers and 6 Lapsers) were selected from Study 1 and 26 participants (13 Abstainers and 13 Lapsers) were selected from Study 2. S.L. Zelle et al. NeuroImage 151 (2017) 24-32 excluded from analyses. Before the third run, participants in Study 2 (but not Study 1) were instructed to utilize the coping strategy that they had been trained. Because there is evidence that the presentation of smoking cues affects behavioral and neural responses to subsequently presented items (see Sayette et al., 2010) , the order in which objects were presented was fixed in the aforementioned sequence.
Procedure
Participants completed two sessions, described in detail elsewhere (Wilson et al., 2012 (Wilson et al., , 2013b . Briefly, those deemed eligible based on a telephone screening completed an initial baseline session during which they provided a baseline carbon monoxide (CO) sample and completed a battery of questionnaires and tasks. In addition, participants in Study 2 were trained to use either a self-focused or other-focused strategy for coping with smoking cue exposure (see Wilson et al., 2013b) . At the conclusion of the baseline session, participants were scheduled for the fMRI-based experimental visit (held within two weeks of baseline). For all participants included in the present analyses, the experimental session was scheduled to coincide with the first day of an attempt to quit smoking. Specifically, participants were instructed to initiate a cessation attempt 12-h before the onset of the experimental visit; they were told to abstain from smoking and using any other nicotinecontaining products during this time. Participants were also instructed to refrain from consuming drugs or alcohol for the 24 h preceding the experiment.
Upon arrival for the experimental session, participants reported the last time they smoked, and CO was measured to check compliance with deprivation instructions. Participants had to have a CO level at least 50% lower than their baseline, a cutoff used in similar prior research (Sayette et al., 2008) . Immediately before being placed in the scanner, participants were informed that they would get a break during the study, at which point they would have an opportunity to smoke a cigarette. After the collection of anatomical images, participants completed a working memory task (for details, see 29) and then the cue exposure procedure. Subsequently, participants were presented with the opportunity to smoke. Specifically, participants were asked to indicate whether or not they would like to smoke the cigarette that they were holding as they were being removed from the scanner. Due to the time required to exit the imaging facility (regulations prohibited smoking inside the building), participants who chose to do so were able to initiate smoking within approximately three minutes of being removed from the scanner. After smoking or taking a break, participants completed post-task questionnaires and were given an opportunity to participate in a follow-up study. Finally, participants were debriefed and paid.
fMRI data acquisition
Scanning was conducted using a 3-T head-only Siemens Allegra magnet (Siemens Corporation, New York, NY) equipped with a standard transmit/receive head coil. Prior to functional scanning, a 40 slice oblique-axial anatomical series (3.125 × 3.125 × 3.0 mm voxels) was acquired parallel to the anterior commissure-posterior commissure plane using a standard T2-weighted pulse sequence. Additionally, a high-resolution (1 × 1 × 1 mm voxels) three-dimensional structural volume was collected using a magnetization-prepared rapid gradient-echo sequence. Next, functional images were acquired in the same plane as the 40-slice anatomical series with coverage limited to the 38 center slices using a one-shot echo-planar imaging pulse sequence [TR = 2000 ms, TE = 25 ms, FOV = 20 cm, flip angle = 79°].
A priori regions of interest (ROIs)
Our primary aim was to examine the association between smoking behavior during the first day of a quit attempt and functional connectivity among areas of the brain implicated in automatic versus deliberative processing, using contemporary dual systems theory as a guiding framework. In order to restrict analyses to brain areas that have been reliably linked to each of these broad domains in prior research, results from two quantitative meta-analyses were used to create 10 ROIs: five linked to automatic processing and five linked to deliberative processing (see Table 1 ). The set of automatic processing ROIs were taken from a meta-analysis of 206 published fMRI studies examining reward-related processing and subjective valuation (Bartra et al., 2013) and consisted of left and right ventral striatum (VS), left and right anterior insula, and ventromedial prefrontal cortex (VMPFC). Among these, we were particularly interested in connectivity of the insula. The set of deliberative processing regions were taken from a meta-analysis of 113 published fMRI studies examining working memory (Rottschy et al., 2012) , a core component of executive control (Courtney, 2004) , and consisted of left and right superior frontal gyrus (SFG), left and right DLPFC, and dorsal anterior cingulate cortex (dACC). A sphere 8 mm in diameter was created around the center coordinate for each ROI.
fMRI data analysis
Several standard preprocessing steps were conducted prior to fMRI data analysis, including motion correction and adjustment for drift (for details, see Wilson et al., 2012 Wilson et al., , 2013b . Participants' anatomical images were co-registered with a reference anatomy using a sixparameter rigid-body automated registration algorithm, producing a Bartra et al. (2013) transformation matrix that was applied to participants' functional images. Functional images were then mean-normalized and smoothed using a 3D Gaussian filter (4-mm full width at half maximum). Primary analyses were conducted using unified structural equation modeling (uSEM; Kim et al., 2007) for each individual. A unique strength of uSEMs is that they take into account both contemporaneous and lagged effects, both of which exist in fMRI data and must be accounted for to decrease bias in estimates (Gates et al., 2010) . The current study necessitates a data-driven approach for arriving at connectivity maps that account for heterogeneity in the sample to test the competing outcomes/connectivity models that may be predicted from theory. Two major concerns exist when conducting individuallevel analysis on fMRI data: (1) results may be driven by noise and (2) traditional techniques are unable to correctly detect the directionality of relations among regions at the individual level (Smith et al., 2011) . A recently developed model search technique, Group Iterative Multiple Model Estimation (GIMME; Gates and Molenaar, 2012) , circumvents these issues to recover the true connectivity patterns and individuallevel estimates at rates higher than many competing approaches (Mumford and Ramsey, 2014) . GIMME ultimately conducts uSEMs for each individual separately, allowing for unique paths among ROIs as needed. The data-driven model search begins by first selecting paths that would significantly improve the model fits for the majority of individuals in the sample. Following the expected ability to detect signal from noise in individuallevel fMRI maps (Smith et al., 2011) , 75% of individuals must have the path present for it to be considered a group-level path. Importantly, unlike traditional approaches that concatenate data across individuals, GIMME does not assume homogeneity across individuals or that one connectivity map can be used to describe the individuals comprising the group. Rather, it detects signal from noise by looking for consistency in connections across individuals' brain processes. GIMME then uses these "group-level" connectivity map pattern as a prior for iterative searches for individual-level connections among ROIs that exist in addition to the group-level paths. Starting with these known group-level paths prior to individual-level searches has been shown to vastly improve the recovery of the direction of effects and recovery of true connections when compared to traditional approaches for individual-level analysis (Gates and Molenaar, 2012 ; see also Smith et al., 2011 for comparison) . In the end, all weights for the group-and individual-level paths are estimated separately for each individual. GIMME is freely available as an R package (gimme; Lane et al., 2015) .
Time series were extracted from Studies 1 and 2 corresponding to when participants held the neutral object (tape), the smoking cue object (cigarette), and the relaxation periods between runs. This resulted in 118 observations for each individual, which provides sufficient power to detect effects in time series analysis such as uSEM (Box and Jenkins, 1970) and is consistent with the length used in prior studies using GIMME (e.g., Nichols et al., 2014) . Connectivity networks were obtained for each group of smokers using GIMME, which were then examined for group differences. Since the data-driven search generates group-level connectivity maps by only including paths that are significant for the majority of individuals, the GIMME group-level results directly indicate similarities and differences between the groups from a statistical standpoint.
Although our primary goal was to characterize outcome-related differences in directed functional connectivity, we also conducted analyses to determine whether the groups exhibited differences in mean activation in the preselected ROIs. Toward this end, a two-way mixed ANOVA was run for each ROI, with smoking choice as the between-subjects factor, cue (smoking or neutral) as the withinsubjects factor, and mean activation level as the dependent measure. In order to maintain consistency with our prior work (Wilson et al., 2005 (Wilson et al., , 2012 (Wilson et al., , 2013b , the mean calculated for each ROI excluded the initial 26 s of cue exposure (see 29 for details). (The entire time course for each exposure was included in the uSEM analysis described above.)
Results
Participant characteristics and urge
Participant characteristics are shown in Table 2 . Smoking choice groups did not significantly differ in age, cigarettes per day, number of years smoking, nicotine dependence, baseline CO, or experiment CO (p values > .05). As described above, participants rated their urge to smoke prior to being placed in the MRI scanner and after the second and third runs of the cue exposure task. A repeated-measures ANOVA with a Greenhouse-Geisser correction for violation of sphericity revealed a main effect of time on urge, F(1.17, 42.19) = 6.043, p = .014. Post hoc tests using the Benjamini-Hochberg correction showed that reported urge increased over time: Although the difference between urge-neutral cue and urge-smoking cue did not reach statistical significance (p = .140), the differences between urge-baseline and urge-neutral cue (p = .036) and between urge-baseline and urgesmoking cue (p = .041) were each significant. The ANOVA also showed a significant difference in reported urge between the two smoking choice groups, such that urge ratings were higher for the Chose-Yes subgroup than the Chose-No subgroup, F(1,36) = 27.610, p < .001. The interaction between time and group was not significant, F(1.17, 42.19) = 1.532, p = .226.
Functional connectivity as a function of smoking behavior
The uSEM analyses revealed a common model (i.e., connections that were estimated for all individuals because they were significant for the majority in that group) for participants who chose to smoke following cue exposure (Chose-Yes subgroup), as well as a common model for participants who declined the opportunity to smoke following cue exposure (Chose-No subgroup). It should be noted that individual-level paths were added as needed in addition to the common models via GIMME to improve upon the estimates of connection weights and final model fit but are not shown here as it is outside the scope of the present paper. The groups did not differ in terms of the number of final connections obtained for each individual, t(36) = .694, p = .492. However, they did differ in terms of how well the group-level model described the individuals. Those in the Chose-No group had a greater number of group-level paths (15) compared to the Chose-Yes group (11). Fitting the group-level maps to individuals did not reap an excellent fit on greater than one criteria for any individual in either group (i.e., individual-level paths had to be added for all individuals). S.L. Zelle et al. NeuroImage 151 (2017) 24-32 Still, the Chose-No group was better described by the group model as evidenced by higher fit indices according to the four fit criteria (see Table 4 ). Overall, this suggests greater heterogeneity in the Chose-Yes group.
Final connectivity models had excellent fit to the individual-level data, as assessed by commonly used fit indices (see Table 4 ). The Chose-No group individuals had, on average, 10.21 additional individual-level paths added (SD = 4.22, range = 10-28), while the ChoseYes group had 16.53 (SD = 5.06, range = 4-21) additional paths on average. The number of additional paths was significantly greater in the Chose-Yes group than the Chose-No group; t(36) = 4.18, p < .001. Both subgroup models are shown in Fig. 1 , where each arrow represents a connection present in the group model. One commonality between the groups is the absence of lagged effects between ROIs. This is consistent with previous work using uSEM (e.g., Nichols et al., 2014) and aligns with the underlying biology of relations among ROIs, which occurs on a far faster scale than the temporal resolution provided by fMRI. Further supporting that contemporaneous relations best depict underlying brain functionality, findings from a large-scale simulation study of fMRI data found that effects occurring among ROIs were consistently captured by methods that identify contemporaneous or instantaneous effects as opposed to methods that only contained lagged effects (Smith et al., 2011) . In both groups, here the lagged effects are all autoregressive. Fig. 1A depicts the group model for Chose-Yes subgroup. This model shows connectivity between several regions associated with deliberative processing (left DLPFC, left SFG, right SFG, and dACC), as well as connectivity between several regions associated with automatic processing (left and right VS, left and right insula). Notably, the model did not contain any paths connecting these broadly defined systems. As shown in Fig. 1B , participants who chose not to smoke demonstrated many of the same connectivity patterns as those who chose to smoke, but there were noteworthy differences. Namely, the insula appears to play a more important role in the Chose-No model, showing increased connectivity with other areas. For instance, the model contains a path connecting the right insula and the left ventral striatum, which was not seen in the Chose-Yes model. Of high importance is the connection between the left DLPFC (an area associated with deliberative processing/cognitive control) and the left insula, which was found in the Chose-No model (but not the ChoseYes). Since the selection of group-level connections via GIMME is subject to a threshold (i.e., at least 75% of individuals have the path), it is possible that individuals in the Chose-Yes group could have a strong connection between these two regions if it were estimated. To statistically test this, we conducted a post hoc analysis whereby we added this specific path to all of the Chose-Yes individuals' models. The comparison of the estimated weights on this connection between individuals revealed that the connection between DLPFC and the left insula was significantly higher for the Chose-No group than for the Chose-Yes group, t(36) = 3.33, p = .002. This provides further evidence for important differences in connectivity between these regions as a function of smoking choice behavior. Tests for correlation showed that strength of connections (as measured by path beta weights) in both models were not related to urge or nicotine dependence measures.
Effects on activation within individual regions
A series of two-way mixed ANOVAs were run to examine the effects Fig. 1 . Effective connectivity models for smoking choice groups. Models are depicted for the Chose-Yes (A) and Chose-No (B) groups. Line thickness represents the average beta weight of the connection, with thicker lines indicating higher beta weights. Solid lines represent contemporaneous relationships, whereas dotted lines represent lagged relationships. Arrow directionality is based on BOLD activity in one ROI predicting BOLD activity in another ROI (or in the same ROI at a later time point). Green lines (seen only in Model B) represent connections between regions that were present in one smoking choice group but not the other. ROI KEY: L SFG = left superior frontal gyrus, R SFG = right superior frontal gyrus, L dlPFC = left dorsolateral prefrontal cortex, R dlPFC = right dorsolateral prefrontal cortex, dACC = dorsal anterior cingulate cortex, L Insula = left insula, R Insula = right insula, L VS = left ventral striatum, R VS = right ventral striatum, vmPFC = ventromedial prefrontal cortex.
S.L. Zelle et al. NeuroImage 151 (2017) [24] [25] [26] [27] [28] [29] [30] [31] [32] of group and cue on activity in the preselected ROIs. The BenjaminiHochberg method (Benjamini and Hochberg, 1995 ) was used to control for possible inflation of Type I error rate as a result of the number of comparisons performed. Consistent with prediction and with prior findings indicating greater fMRI responses among smokers to smoking cues as opposed to neutral cues in several brain regions (see Engelmann et al., 2012) including those selected for the current study, results showed a significant main effect of cue, such that activation was significantly higher in the cigarette as opposed to tape condition for all but one ROI (see Table 3 ). The remaining ROI (vmPFC) also showed more activation in the cigarette condition as opposed to the tape condition; however this difference did not reach statistical significance. The results failed to show a main effect of group: there were no significant differences when comparing independent ROI activation between participants who chose to smoke and participants who declined smoking (p > .05 for each ROI). Likewise, the interaction between cue and group was nonsignificant across all ROIs (p > .05 for each ROI).
Discussion
Quitting-motivated smokers who were able to resist smoking when given the opportunity displayed significant functional connectivity between the left DLPFC and the left anterior insula during cue exposure, whereas there was no such connectivity between these regions for those who chose to smoke. This finding is consistent with recent work demonstrating that smokers who lapsed during an 8-week smoking cessation intervention exhibited weaker prequit functional connectivity between a network containing the insula and specific control-related brain regions (e.g., DLPFC and dACC) than those who did not lapse (Janes et al., 2010) . Results from the current study extend previous research by confirming that cue-related connectivity of the insula predicts smoking behavior during the critical first hours of a quit attempt, mere moments before the actual decision to smoke is made.
Our findings add to mounting evidence that the insula plays a central role in addictive behavior (Cisler et al., 2013; Goldstein et al., 2009; McHugh et al., 2013; Naqvi et al., 2014; Noel et al., 2013a; Sutherland et al., 2012; Viswanath et al., 2015; Volkow and Baler, 2015; Wisner et al., 2013; Zhang et al., 2015) , including cigarette addiction (Addicott et al., 2015; Clewett et al., 2014; Dinur-Klein et al., 2014; Forget et al., 2010; Gaznick et al., 2014; Janes et al., 2010; Naqvi et al., 2007; Suner-Soler et al., 2012; Zanchi et al., 2015) . The link between the insula and addiction has largely been conceptualized as one that relates to the interoceptive functions commonly attributed to the region. It has become increasingly clear, however, that the insula may best be thought of as an area that serves as a key hub for interactions among large-scale brain networks, rather than one narrowly dedicated to interoception in isolation (Chang et al., 2013; Menon and Uddin, 2010; Sridharan et al., 2008) . Most relevant to the current study, the anterior insula -particularly the left anterior insula -has been implicated as a junction between networks associated with the processing of information from internal (e.g., bodily sensations) and external (e.g., biologically relevant environmental cues) information (62, 63) . While it has been suggested that addictive behavior may result from a "hijacking" of the cognitive control system by the insula (64), the current study suggests that vulnerability to relapse may stem instead (at least in part) from deficient connectivity between the insula and other regions/networks; i.e., the anterior insula may not be functioning appropriately as a junction between brain networks. Indeed, a similar systems-level view of insula functioning has recently been integrated into neurobiological models of addiction (Janes et al., 2015; Lerman et al., 2014; Naqvi et al., 2014; Noel et al., 2013a; Sutherland et al., 2012; Volkow and Baler, 2015) .
In addition to different patterns of connectivity between the insula and the DLPFC, quitting-motivated smokers who refrained from cigarette use early during a quit attempt displayed significant functional connectivity between the right insula and the left ventral striatum, whereas these paths were absent for those who decided to smoke. It is tempting to interpret this pattern in terms of sequential regulatory processing (e.g., the DLPFC in firstly engaging in top-down control of urge based on interoceptive signals represented within the insula, followed by a modulation of reward/value signals represented in the ventral striatum). We believe that it is more justifiable, however, to view this as additional support for the broader idea that the insula serves as an important hub between networks in the service of goaldirected behavior (such as resisting smoking).
Results from the current study highlight the importance of assessing smoking behavior when studying cue-elicited brain activation, echoing a key point recently raised by Perkins (Perkins, 2009 ). More generally, results from the current study underscore the importance of examining patterns of functional connectivity, rather than focusing solely on mean levels of activation within brain areas in isolation, in the study of addictive behavior (Sutherland et al., 2015) . That is, while there were clear differences in functional connectivity between quitting smokers who did and who did not smoke when given the opportunity, there were no such group differences in mean levels of activation for any of the a priori regions of interest. Instead, activation of each of these regions was greater during cigarette cue exposure than during neutral cue exposure, regardless of smoking choice. Thus, functional connectivity -especially connectivity of the insula -revealed neurobiological effects linked to clinically meaningful behavior that were not detected using more traditional analytic strategies. Studies that use similar methods to further characterize functional connectivity as it relates to relapse would be valuable.
At a broad level, the current findings lend additional support to the idea that functional neuroimaging methods can provide unique insight into processes associated with behavior change (e.g., see Feldstein Ewing and Chung, 2013; Feldstein Ewing et al., 2011; Morgenstern et al., 2013) . With respect to the neural mechanisms associated with changing smoking behavior, specifically, our findings indicate that the ability to remain abstinent in the face of temptation is related to the functioning of the insula in connection with areas of the brain supporting cognitive control and reward-related processing. Accordingly, the findings suggest that facilitating connectivity between the insula and regions involved in relevant networks may be a potential point of intervention that could help facilitate smoking abstinence. For instance, advances in neurofeedback techniques, which have made it possible to train individuals to modulate connectivity between specific brain regions (e.g., see Kadosh et al., 2015; Kim et al., 2015; Megumi et al., 2015) , could be used to develop interventions that increase the functional coupling between the insula and the DLPFC in smokers. More broadly, research may benefit from focusing on the development and implementation of training geared explicitly at the interaction between deliberative and automatic processing, as opposed to targeting "top down" or "bottom up" processes in isolation (e.g., using cognitive control training to enhance deliberative processing).
Limitations
Although this study offers a novel methodology, meaningful findings, and promising directions for future research, some limitations should be considered. First, the sample size was constrained by the proportion of participants who elected to resist smoking and was relatively small. The payoff was that we were able to successfully match participants who did and did not choose to smoke along a host of relevant variables. Second, the number of regions of interest included for analysis was kept relatively constrained for analytical and interpretive purposes. Although ROIs were carefully selected on conceptual and empirical bases, future work exploring other areas might prove fruitful. A third potential limitation concerns differences between Study 1 and 2 (i.e., whether or not coping was used). Although participants were matched by study, as well as by which coping strategy they used (if relevant), instructing participants to resist smoking via a particular strategy could limit the variability of results; it is possible that some participants would otherwise utilize different strategies to attempt to resist smoking. Finally, while numerous studies have demonstrated that smoking cues robustly increase the urge to smoke (Carter and Tiffany, 1999) , the design of the current experiment (i.e., the fixed order of cues) leaves open the possibility that observed increases in self-reported craving were attributable in part to the passage of time. We decided against counterbalancing the order of cues because of the concern that nicotine-deprived smokers exposed to smoking cues first would still be experiencing elevated urges during subsequent exposure to control cues (Sayette et al., 2010) .
Conclusions
Consistent with prior work (Janes et al., 2010) , it was found that smokers who were able to remain abstinent in the presence of smoking cues early during a quit attempt displayed increased connectivity between areas related to deliberative processing and the insula, namely the DLPFC and left anterior insula. The present study expands upon prior work by highlighting for the first time how early the links between functional connectivity and clinically meaningful differences in behavior emerge. Specifically, results from the current study demonstrate that cue-related connectivity of the insula predicts smoking behavior within the first hours of a quit attempt, a critical period during which the vulnerability to relapse is often highest. The observed links between functional connectivity and smoking behavior provide a compelling groundwork for future research with important clinical implications. Notably, there were no clear differences between those who were able to resist smoking and those who were not in mean activation of individual a priori regions of interest, further emphasizing the importance of examining connectivity in relation to smoking behavior. Future research using similar methods to characterize the association between functional connectivity of the insula and clinically relevant outcomes early during attempted smoking cessation would provide important data regarding the factors that shape smoking cessation and other forms of health-related behavior change.
